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INTRODUCTION 
The purpose of t h i s  report is t o  summarize t h e  s t a t u s  o f  the 
congruent t ransformat ions  of sol id  to  l i q u i d  a l l o y s  as h e a t  storage 
media. The p a s t  work fa l l s  i n t o  t h r e e  major p a r t s - - ( l )  thermo- 
chemical measurements on t ransforming a l l o y s ,  ( 2 )  development of a 
p r e c i s e  and convenient  method f o r  measuring volume changes du r ing  
t ransformat ion  and expansion c o e f f i c i e n t s  d u r i n g  h e a t  and cool ing ,  
(3)  s tudy  of c o m p a t i b i l i t y  of c o n t a i n e r  materials. Ocly one very  
n.3dest a t t empt  has been made t o  e v a l u a t e  t h e  a l l o y s  i n  comparison 
wi th  o t h e r  storage materials i n  a systems c a l c u l a t i o n .  Th i s  a s p e c t  
of t h e  work is  t o  be emphasized i n  t h e  f u t u r e  a t  t h e  expense of t h e  
thermochemical measurements, because numerous a l l o y s  that  are 
p o t e n t i a l l y  u s e f u l  have been cha rac t e r i zed .  
De ta i l ed  papers  have been prepared f o r  p u b l i c  p r e s e n t a t i o n  on 
thermochemical and volume change measurements. The theory of the 
processes  is o u t l i n e d  and r e p r e s e n t a t i v e  measurements are given i n  
those papers  and i n  a n  earlier r e p o r t  (1). 
t h a t  work are repea ted  here .  The thermochemical data are brought  
up t o  date. The primary emphasis i n  t h i s  r e p o r t  is  on t h e  assess- 
ment of which a l l o y s  are l i k e l y  t o  be most u s e f u l  and on what 
remains to  be done to  maximize t h e i r  u t i l i t y .  
Only t h e  conclus ions  of 
Heat s t o r a g e  materials could be u s e f u l  f o r  matching t h e  out -  
p u t  o f  a h e a t  source  t o  t h e  demand on an energy conve r t e r  t h a t  
uses  h e a t  t o  produce mechanical work or e l e c t r i c i t y .  
h e a t  may be r egu la t ed  t o  a heat-consuming device  such as a furnace  
o r  a bu i ld ing  from an i n t e n s e l y  hot  source or  a n  in’ermittent 
The flow of 
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source ,  f o r  example from s u n l i g h t .  S to rage  dev ices  may simply 
ass i s t  i n  l e v e l i n g  t h e  load on a p o w e r  g e n e r a t i n g  system so that 
peak load  gene ra to r s  are omi t ted .  
i n e f f i c i e n t  gene ra t ion  is rep laced  w i t h  -re e f f i c i e n t  gene ra t ion  
or  i f  mre p l e n t i f u l  or renewable energy sources can be used i n  
p l a c e  of s c a r z e ,  consumable resocrces. Material f a b r i c a t i o n  and 
o p e r a t i n g  costs must be k e p t  l o w  i f  s t o r a g e  systems are t o  y i e l d  
n e t  b e n e f i t s .  Consequently,  the  a l l o y s  s t u d i e d  by us  and the 
salts s t u d i e d  by o t h e r s  are r e l a t i v e l y  p l e n t i f u l  and cheap. For 
j u s t  t h a t  reason  t h e  materials used for containment and s t r u c t u r e  
are c e r t a i n  to  weigh h e a v i l y  i n  the t o t a l  costs. 
Energy sav ings  r e s u l t  if 
The choice  of containment materials is n o t  s imple and s t r a i g h t -  
forward even when t h e  basic p l a n  of an energy conversion system is 
well-def ined.  When t h e  d e t a i l s  o f  the system are under development, 
as i n  many advanced energy convers ion  systems,  t h e  e v a l u a t i o n  of  
a l t e r n a t e  materials and t h e i r  e f f e c t  on system costs is  s p e c u l a t i v e .  
However, t h e  f a c t o r s  c o n t r i b u t i n g  to  such a cho ice  can be enumer- 
ated, and some l i m i t s  can be  p laced  on t h e  p o s s i b l e  s o l u t i o n s  t o  
t h e  containment problem. Graphi te  has  served  w e l l  i n  our small 
s c a l e  experiments.  Sic ( s i l i c o n  c a r b i d e ) ,  r a p i d l y  emerging as a 
material being developed f o r  s o l a r  r e c e i v e r s  ( 2 1 ,  seems l i k e l y  t o  
m e e t  t h e  chemical s t a b i l i t y  and mechanical s t r e n g t h  requirements ,  
a l though f a b r i c a t i o n  of complex s t r u c t u r e s  w i l l  r e q u i r e  ingenu i ty .  
This  program has progressed  from i d e n t i f i c a t i o n  and charac-  
t e r i z a t i o n  of a l l o y s  t h a t  store h e a t  e f f i c i e n t l y  by e u t e c t i c  or 
congruent  mel t ing t r ans fo rma t ions  t o  t h e  sea rch  f o r  stable conta in-  
ment m a t e r i a l s  i n  p r e p a r a t i o n  f o r  the  a n a l y s i s  of s p e c i f i c  concepts  
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f o r  s e l e c t e d  a p p l i c a t i o n s .  The calorimetric and volume change 
work is  reviewed b r i e f l y  as t h e  basis f o r  an  a n a l y s i s  of what 
remains t o  be done as  t h e  program evolves  toward a system develop- 
ment s t age .  
As a n  example of one way e u t e c t i c  a l l o y s  might be app l i ed ,  
the modif ica t ion  of an  e x i s t i n g  dev ice  can be mentioned. 
Omnium G 'Heliodyne' solar-powered gene ra to r  (3) uses  aluminum 
mel t ing  and f r e e z i n g  to  achieve  rihort t e r m  s t a b i l i t y ,  matching the 
solar i n p u t  to a S t i r l i n g  c y c l e  generator wi th  about  10 kWe o u t p u t .  
Some of t h e  a l l o y s  s t u d i e d  i n  t h i s  program have greater energy 
s t o r a g e  d e n s i t y  than aluminum and should be somewhat easier t o  
con ta in .  The des ign  o f  s o l a r  r e c e i v e r s  t h a t  use  sodium h e a t  p i p e s  
and e u t e c t i c  s a l t  s t o r a g e  ( 4 )  might be s i m p l i f i e d  and decreased  
i n  volume and mass by t h e  s u b s t i t u t i o n  of a l l o y  eutectics. 
The 
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Alloys for the S to rage  of Heat 
A. Choice o f  Elements 
A f i r s t  s e l e c t i o n  o f  e lements  t o  exp lo re  w a s  made on t h e  
basis o f  cost for large amounts. The p r i c e s  of metals vary  
p z r i o d i c a l l y ,  o f t e n  by s u b s t a n t i a l  f a c t o r s ,  b u t  t hese  changes 
have g e n e r a l l y  been c y c l i c a l ,  on t o p  o f  t h e  overall i n f l a t i o n  
of the r e f e r e n c e  currency.  A m u l t i p l e  cho ice  o f  s t o r a g e  
materials i n  a given range of  temperature  provides  some hedge 
a g a i n s t  such changes, b u t  the  o t h s r  cost f a c t o r s  are l i k e l y  t o  
prec lude  s h i f t s  a f t e r  t h e  i n i t i a l  des ign  concept  is  chosen. 
The f i r s t  l i s t  of  materials for s tudy  conta ined  A l ,  Cu, 
Mg, S i  and Zn. Later C a  and P were added. S also is a l o w  
cost element,  b u t  t he  element and t h e  s u l f i d e s  do n o t  appear  
t o  o f f e r  much hope f o r  h igh  d e c s i t y  h e a t  s t o r a g e .  Fe and i ts  
a l l o y s  t ransform above t h e  temperature  range which has  been 
s t u d i e d .  Containment o f  iron a l l o y s  f o r  long  pe r iods  would be 
very d i f f i c u l t .  
B. S e l e c t i o n  of  Alloy Compositions f o r  Study 
If Pb, Sn, B i  and Sb are excluded on t h e  basis of t h e i r  
cost ,  a l l o y s  as a class do n o t  appear  t o  be able to  compete 
w i t h  s e v e r a l  types  of ino rgan ic  s a l t s  below about  670 K. 
Therefore ,  t h e  temperature  range from 670 up to  1000 K has  been 
s t u d i e d  more i n t e n s i v e l y .  The convent ional  f o s s i l - f u e l e d  and 
nuc lea r  f i s s i o n  reactors supply h e a t  i n  t h i s  range. More 
r e c e n t l y  an increase i n  i n t e r e s t  i n  solar r e c e i v e r s  as p o s s i b l e  
h e a t  sources  has  brought about  t h e  sea rch  f o r  a l l o y s  t h a t  might 
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dperate i n  the gap between 1000 and 1220 K. Earlier s tud ie s  
i n  this program had shown tha t  MgzSi-Si formed a eutectic w i t h  
e x c e l l e n t  h e a t  s t o r a g e  c a p a c i t y  a t  1219 K. 
For t h e  most p a r t ,  t h e  P ina ry  phase diagrams are known for 
the p a i r s  o f  e lements  taken  from t h e  l i s t  i n  s e c t i o n  1A.  Thermo- 
dynamic equa t ions  f o r  t h e  e u t e c t i c  t r ans fo rma t ion  were w r i t t e n  
and eva lua ted  f o r  t h e  systems of i n t e r e s t  to the e x t e n t  t h a t  
t h e  a v a i l a b i l i t y  and p r e c i s i o n  o f  t a b u l a t e d  data would permit .  
These equa t ions  made it clear that t h e  desirable c o n d i t i o n s  
are : 
1. 
2 .  
3.  
4 .  
the use of elements t h a t  have h igh  en t ropy  of 
fus ion ,  
t h e  combination of those  elements  as f a r  as  possible 
i n t o  ordered i n t e r m e t a l l i c  compounds t h a t  have h igh  
h e a t s  o f  formation from t h e  elements ,  
the s e l e c t i o n  of e u t e c t i c  combinations t h a t  involve  
l i q u i d s  i n  which t h e  e lements  p a r t i c i p a t e  w i t h  n e a r l y  
equa l  mole f r a c t i o n s  (and t h e  more elements  t h e  
b e t t e r )  , 
l i q u i d  e u t e c t i c s  i n  which the elements  are completely 
mixed, t h a t  is ,  l i q u i d s  w i t h  l i t t l e  s h o r t  range 
o r d e r i n g  (or tendency t o  associate i n t o  molecule-like 
c l u s t e r s ) .  
Condi t ion 4 and cond i t ion  2 are somewhat incompatible ,  b u t  
s e v e r a l  i n t e r m e t a l l i c  compcunds may have high enough l a t e n t  
h e a t s  for concjruent mel t ing  t o  be i n t e r e s t i n g  i n  t h e i r  own 
r i g h t .  
b 
More d e t a i l e d  c a l c u l a t i o n s  have been done r e c e n t l y  us ing  
r e g u l a r  s o l u t i o n  models t o  see i f  the p r e c i s i o n  of the ca lcu-  
l a t i o n s  could be improved. However, comparisons w i t h  experiment 
on ly  j u s t i f y  t he  use  of t h e  q u a l i t a t i v e  r u l e s  t o  determine which 
of t h e  e u t e c t i c s ,  i n  a g iven  system w i t h  several e u t e c t i c s ,  is 
more l i k e l y  t o  g i v e  good heat s t o r a g e .  I n  gene ra l  the theory  
t ends  to  ove res t ima te  storage c a p a b i l i t y ,  probably because t h e  
l i q u i d  s o l u t i o n s  are n o t  completely random. 
d e v i a t i o n s  sometimes are n e g l i g i b l e  or even somewhat i n  the 
other d i r e c t i o n .  
Never the less ,  
Once the most promising of t h e  known b ina ry  and t e r n a r y  
e u t e c t i c  a l l o y s  were s t u d i e d ,  a search w a s  begun for o t h e r  
t e r n a r y  or qua te rna ry  a l l o y s  i n  composition ranges t h a t  appeared 
to be favorable. Seve ra l  new e u t e c t i c  a l l o y s  have been dis- 
covered and measured, others are awa i t ing  measurement, as l i s t e d  
i n  s e c t i o n  E and Table 1 below. I n  a d d i t i o n ,  several new ter- 
nary and one new qua te rna ry  i n t e r m e t a l l i c  phases  have been found, 
b u t  t h e  s t r u c t u r e s  and t r ans fo rma t ion  p r o p e r t i e s  have n o t  been 
determined. 
C. P repa ra t ion  of Alloys 
Commercially pure elements  or i n t e r m e t a l l i c  compounds were 
melted i n  g r a p h i t e  under i n e r t  atmosphere w i t h  good s t i r r i n g .  
The alloys w e r e  f rozen  i n  p l a c e ,  sometimes under modest p r e s s u r e  
app l i ed  by t h e  g r a p h i t e  stirrer assembly. The a l l o y s  have been 
i n v e s t i g a t e d  me ta l log raph ica l ly  and by t h e  x-ray f luo rescence  
ana lyze r  on t h e  scanning electron microscope f o r  p o r o s i t y ,  
gene ra l  homogeneity of composition and f i n e  scale of t h e  
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e u t e c t i c  mic ros t ruc tu re  ( t o  i n s u r e  reliable sampling) .  Only 
calcium-containing a l l o y s  showed any tendency t o  react w i t h  
t h e  g r a p h i t e  c r u c i b l e s ,  and that  a t t a c k  was n o t  s e r i o u s  du r ing  
t h e  s h o r t  mel t ing  t i m e .  More s e r i o u s  problems have been 
encountered w i t h  evapora t ion  o f  t h e  more v o l a t i l e  e lements  both 
du r ing  mel t ing  and thermal  a n a l y s i s .  Close f i t t i n g  lids on 
t h e  c r u c i b l e s  have provided p a r t i a l  s o l u t i o n  to  t h i s  problem, 
b u t  a method is  being sought  t o  seal t h e  c r u c i b l e s  completely.  
D. Heat o f  Transformation and Heat Capaci ty  Measurements 
For e u t e c t i c  o r  congruent mel t ing  t h a t  t a k e s  place up t o  
970 K, h e a t s  of fus ion  can be measured to  about  3% p r e c i s i o n  
and heat c a p a c i t i e s  t o  about  lo%, provided t h a t  vapor losses 
do n o t  i n t e r f e r e  w i t h  t h e  d i f f e r e n t i a l  scanning calorimeter 
(DSC). A t  h i g h e r  temperatures  t h e  o l d e r  d i f f e r e n t i a l  thermal 
ana lyze r  (DTA) gave h e a t s  o f  fu s ion  to  about  l o % ,  b u t  t h e  h e a t  
c a p a c i t i e s  w e r e  no t  reliable.  A newer model DTA seems t o  be 
g iv ing  acceptab le  h e a t  c a p a c i t i e s  and more p r e c i s e  h e a t s  of 
fus ion ,  a l though they  are n o t  as p r e c i s e  as t h e  DSC measure- 
ments a t  lower temperatures .  
The p r e c i s i o n  ins t ruments  use very small samples. To 
sea rch  f o r  new e u t e c t i c  a l l o y s  a qualitat.i .vc DTA appara tus  was 
b u i l t  t o  accommodate much laraer samples. These samples a r e  
l a r g e  enough to  y i e l d  convenient  meta l lographic  specimens and 
l eave  a r e s i d u e  f o r  o t h e r  tests. This  larger- DTA sample g ives  
sha rp  d i f f e r e n t i a l  temperature  peaks,  b u t  heat flow i n  t h e  
r e l a t i v e l y  large samples makes it useless to  a t tempt  q u a n t i t a -  
t i v e  c a l i b r a t i o n  of  t h e  system. 
8 
E. Data for High Temperature Heat S to rage  Materials 
Table 1 summarizes h e a t  of t r ans fo rma t ion  data for many 
b ina ry  and t e r n a r y  e u t e c t i c s  and a few i n t e r m e t a l l i c  compounds 
t h a t  have been measured i n  t h i s  l abora to ry .  The a l l o y  composi- 
t i o n s  t h a t  are most l i k e l y  t o  be u s e f u l  have been underl ined.  
Heat capacities are g iven  f o r  a few a l l o y s  t h a t  t ransform a t  
852 K or lower. Those composi t iom marked w i t h  an  a s t e r i s k  are 
newly i d e n t i f i e d  t e r n a r y  e u t e c t i c s .  The composi t ions,  tempera- 
t u r e s  and h e a t s  of t r a n s f o r m a t i m  have been e s t a b l i s h e d  
r e c e n t l y .  Two newly discovered t e r n a r y  a l l o y s  i n  t h e  Mg-Cu-Ca 
and Mg-Si-Cu systems remain t o  be measured. Two new t e r n a r y  
i n t e r m e t a l l i c  phases have been found i n  t h e  Cu-Si-P system, 
one s t i l l  t o  be measured. A qua te rna ry  i n t e r m e t a l l i c  phase h a s  
been found i n  Al-Mg-Cu-Si, as w e l l  as a new qua te rna ry  eutectic 
i n  Al-Cu-Mg-Zn. Searches were conducted i n  several o t h e r  
t e r n a r y  and qua te rna ry  systems wi thout  encounter ing  e u t e c t i c  
t ransformat ions  n o t  p rev ious ly  considered.  Several o t h e r  
systems t h a t  are d i f f i c u l t  to  m e l t  and cast have given incon- 
c l u s i v e  r e s u l t s .  
A few b ina ry  e u t e c t i c s  remain t o  be measured: Ca-Si, 
Ca-Cu, Cu-P. Seve ra l  r epor t ed  va lues  t h a t  seem to  be t o o  l o w  
w i l l  be checked. A few more measurements w i l l  be done a t  t h e  
l o w  end of  t h e  temperature  range because t h e  h e a t  s t o r a g e  
c a p a b i l i t i e s  of Mg-0.29Zn, t h e  lowest  mel t ing  eu tec t ic :  s tud ied ,  
are n o t  high.  There is  n o t  m x h  hope o f  ex tending  metall ic 
s t o r a g e  systems below t h i s  ra r ige  wi thout  t h e  use o f  much more 
expensive elements ,  no tab ly  B i ,  Pb, Sn, L). For tuna te ly  t h e  
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Table 1 Thermal Properties of Selected Metal Eutectics 
Alloy 
(Mole Fracti m s  1
- 
Mg-0.24Zn-0.05Si 
rig-0. 29Zn 
Mg-0.14Zn-0.14Ca 
A1-0.35Ma-0.06Zn 
d 
A1-0.375Mg 
Mg-0.13Cu-0.08Zn 
Ai-O.17C~-O.l6Mg 
Mg-0.105Ca 
A1-0.175C~ 
A1-0.126Si-0.051Mg 
A1-0.31Cu-O.07Si 
Am.12Si 
Mg2Cu 
MgZn2 
Zn-0.4Cu-0.15Mg 
*Cu-0.25P-O.l4Zn 
*Si-0.35Cu-0.28Mg 
*Cu-0.17Zn-O.lSSi 
CU-0. 157P 
CU-0 .42Mg 
Cu-0.29Si 
*Cu-0 .13Si-O. 17P 
Cu-0.49Ca 
Si-0.471Ma 
*Si-0.45Mg-O.O76n 
Eutectic 
Temperature 
(OK) 
608 
616 
673 
720 
724 
725 
779 
79 0 
821 
833 
841 
844 
852 
861 
978 
987 
993 
995 
1023 
1038 
1076 
1093 
1106 
1207 
19 
Maximum Heat Storage 
Capacity in kJ/kg 
Calculated 
260 
230 
405 
406 
376 
408 
406 
4 31 
359 
549 
39 8 
561 
5 71 
259 
3.13 
2 35 
892 
308 
1212 
Measured* 
210 
310 
310 
253 
360 
269 
353 
545 
24 3 
423 
515 
220 
36 8 
4 22 
125 
196 
92 
25 
310 
805 
Heat 
Capacity 
kJ/kg-OK 
1.045 
‘1.511 
1.735 
(1.621 
1.095 
(1.181 
l*lls 
1.395 
-- 
-- 
-- 
(1.111 
‘1.211 -- -- 
1-495 
(1.271 -- 
*By Alan Riechman and Diana Farkas 
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ino rgan ic  s a l t  eutectics should be handled most e a s i l y  i n  t h a t  
temperature  range. 
Although t h e  newly d iscovered  a l l o y  e u t e c t i c s  do n o t  sur -  
pas s  t h e  storage c a p a c i t i e s  of t h o s e  s t u d i e d  earlier, t h e r e  are 
s e v e r a l  promising a l l o y s  t h a t  l i e  i n  a temperature  range t h a t  
w a s  open previous ly .  The temperature  gaps between promising 
a l l o y s  are now cons iderably  reduced. Furthermore, t h e  a l l o y s  
w i t h  h igh  concen t r a t ions  of  copper have h igher  d e n s i t i e s  than  
t h e  o t h e r  a l l o y s ,  making t h e i r  performance more favorab le  when 
comparison is  made on t h e  basis o f  volume i n s t e a d  o f  mass. 
S ince  containment is  l i k e l y  to  be the  m o s t  d i f f i c u l t  considera- 
t i o n  a t  t h e s e  h ighe r  tempera tures ,  t h e  volumetr ic  comparison i s  
more s i g n i f i c a n t  than  one based on mass. 
11. V o l u m e  Changes During Transformation 
I t  i s  repor t ed  t h a t  some o f  t h e  s a l t  e u t e c t i c s  have l a r g e  
volume changes, above 20%.  Designing h e a t  exchangers f o r  
e f f i c i e n t  use i s  l i k e l y  t o  be d i f f i c u l t  for such materials. 
Because less i s  known a v u t  t h e  volume changes when t h e  e u t e c t i c  
a l l o y s  t ransform,  it was decided t o  a t tempt  t o  measure t h i s  
proper ty .  Previous measurements have been done by determining 
d e n s i t y  ve r sus  temperature  f o r  s o l i d  and f o r  l i q u i d  independent ly ,  
by d i f f e r e n t  methods, and e x t r a p o l a t i n g  f o r  each t o  t h e  t rans-  
formation temperature  to  f i n d  t h e  d i f f e r e n c e .  The u n c e r t a i n t y  
i n  t h a t  small d i f f e r e n c e  can be l a r g e  p ropor t iona te ly .  There- 
f o r e ,  a new technique was developed and i s  be ing  r e f i n e d .  I t  
uses  x-ray abso rp t ion  i n  a specimen confined w i t h i n  a pa th  of  
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known th i ckness  t o  o b t a i n  volume changes du r ing  t ransformat ion  
w i t h  good p r e c i s i o n .  A s  a bonus, t h e  c o e f f i c i e n t s  o f  thermal  
f i .  ' :nsion of  bo th  s o l i d  and l i q u i d  can be obta ined  i n  t h e  same 
run L ' v e n i e n t l y  and s a t i s f a c t o r i l y ,  a l though n o t  y e t  as pre-  
c i s e l y  as they  were determined i n  t h e  most c a r e f u l  of t h e  o l d e r  
s i u L i e s .  For  example, t h e  expansion c o e f f i c i e n t s  t h a t  can be 
obta ined  from t h e  x-ray d i f f r a c t i o n  de te rmina t ions  o f  l a t t i ce  
parameters  and d i l a tome t ry  f u r  A l ,  A g ,  Au and Cu (5) are more 
p r e c i s e  than  those  r epor t ed  i n  t h i s  work. 
A. The X-Ray Absorption Method f o r  Volume  Changes 
X-rays are absorbed i n  p ropor t ion  t o  t h e  exponen t i a l  of 
mass p e r  u n i t  area i n  t h e  pa th  between source  and d e t e c t o r .  
The abso rp t ion  c o e f f i c i e n t  i s  a mass weighted average of  t h e  
abso rp t i cn  c o e f f i c i e n t  of  t h e  elements  i n  t h e  absorber ,  because 
s ta te  of chemical combination is  wi thout  s i g n i f i c a n t  e f f e c t .  
To u t i l i z e  t h i s  p rope r ty  to  measure d e n s i t y  changes,  a w e l l -  
de f ined  beam is  passed through a known l e n g t h  o f  sample as w e l l  
as weakly absorb ing  c o n t a i n e r  w a l l s .  Owing t o  t h e  f i n e  e u t e c t i c  
mic ros t ruc tu re  of t h e  samples, it i s  assumed t h a t  t h e  average 
composition o f  t h e  matter i n  t h e  beam pa th  does n o t  change 
dur ing  hea t ing  and t ransformat ion .  
T h e  thermal  c o e f f i c i e n t s  of expansion o f  t h e  s o l i d  mixture  
and of  t h e  l i q u i d  s g l u t i o n  can be c a l c u l a t e d  from t h e s e  measure- 
ments making a p p r o p r i a t e  c o r r e c t i o n s  f o r  t h e  thermal expansion 
of t h e  con ta ine r .  The i so thermal  t ransformat ion  i t s e l f  i s  
affected by t h e  c o n t a i n e r  on ly  through r e f e r r i n g  t h e  volume 
change t o  the densi t :  a t  t h e  t ransformat ion  temperature  of 
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e i t h e r  rhe  s o l i d  or t h e  l i q u i d .  For example: 
where V i s  s p e c i f i c  volume, p is d e n s i t y  and s u b s c r i p t s  s and 1 
r e f e r  t o  s o l i d  and l i q u i d ,  r e s p e c t i v e l y .  
B. Design of Apparatus 
The h e a t  storage materials t o  be s t u d i e d  inc lude  t h e  elements  
Mg, A l ,  S i ,  P which have l o w  atomic numbers and weakly absorb 
x-rays. C a  has  only  a s l i g h t l y  h ighe r  citomic number, and Cu and 
Zn are s t i l l  only  elements number 29  and 30, r e s p e c t i v e l y .  To 
ge t  s u b s t a n t i a l  i n t e n s i t y  changes i n  t h e  weakly abs0rbir.g e lements ,  
s o f t  (Ionq wavelength) x-rays must be used. For those  e l e m e n t s  
i a t i o n  w a s  f i r s t  c a l c u l a t e d ,  and l a t e r  demonstrated,  t o  Cu K 
be an e x c e l l e n t  choice  provided t h a t  t h e  c o n t a i n e r s  were nade o f  
l o w  atomic number elements  w i th  w a l l s  o f  small o r  moder te 
th i ckness .  
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I n i t i a l  c a l c u l a t i o n s  suggested t h a t  g r a p h i t e ,  boron n i t r i d e ,  
s i l i c o n  carbide, magnesium oxide  and aluminum oxide  can be use- 
f u l  m a t e r i a l s  from which t o  make abso rp t ion  cel ls .  For reasons 
o f  chemical c o m p a t i b i l i t y  witen t h e  h e a t  s t o r a g e  a l l o y s ,  a v a i l a -  
b i l i t y  and ease of f a b r i c a t i o n ,  g r a p h i t e  was chosen to  be t h e  
material f o r  the  f i rs t  system. I t  has  t h e  added advantage o f  
a very low c o e f f i c i e n t  of thermal expansion. An a l l o y  specimen 
f i t t e d  i n t o  a g r a p h i t e  chamber a t  room temperature  w i l l  cont inue  
t o  f i l l  t h a t  chamber completely a s  t h e  temperature  increases. 
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The a l l o y  must be s u f f i c i e n t l y  d u c t i l e  to relieve p r e s s u r e  
the chamber by p l a s t i c  flow. A g r a p h i t e  cell  backed w i t h  
on 
s t a i n l e s s  steel p l a t e s  has  been s t r o n g  enough to  c o n t a i n  t h e  
al-clminum-based e u t e c t i c s  i n v e s t i g a t e d  t o  date. I t  seems l i k e l y  
t h a t  s i l i c o n  carbide would serve as w e l l  or better when less 
d u c t i l e  a l l o y s  are to  be s t u d i e d ,  a l though f a b r i c a t i o n  of the 
s i l i c o n  c a r b i d e  cells w i l l  be more d i f f i c u l t .  
The cell w a s  hea ted  i n  a chamber t h a t  could  be evacuated. 
The chamber w a s  mounted on t h e  camera t r a c k  of a P h i l i p s  x-ray 
genera tor .  
through f i r e b r i c k  and o t h e r  i n s u l a t i o n ,  l imi ted  the temperature  
range t o  about  1070 K. 
Transmission o f  heat through t h e  chamber base, 
The x-ray o u t p u t  from t h e  s t anda rd  gene ra to r  and silver- 
t a r g e t e d  x-ray tube was so i n t e n s e  t h a t  the beam, a f t e r  p a s s i n g  
through a g r a p h i t e  monochromator, t he  furnace  chamber p o r t s  (Be)  
and t h e  sample cell  and sample, s t i l l  r equ i r ed  a t t e n u a t i o n  
before  e n t e r i n g  t h e  G e i L i )  counter .  Over t h e  long measurement 
per iod  some i n s t a b i l i t y  o f  t h e  x-ray o u t p u t  w a s  encountered as 
a consequence o f  o b s t r u c t i n g  p a r t i c l e s  i n  t h e  cooling w a t e r  
supply t o  t h e  x-ray tube.  
Ag Ka x-ray appears  t o  be s u c c e s s f u l  i n  overcoming most of t h e  
ins t rumenta l  prJblems. There seems t o  be  s u f f i c i e n t  i n t e n s i t y  
t h a t  a s tandard  NaI(T1) s c i n t i l l a t i o n  counter  can  be used to  
feed a pu l se  h e i g h t  ana lyzer  w i t h  on ly  a s i n g l e  energy window. 
There is a small amount of  high energy r a d i a t i o n  from t h e  
r a d i o a c t i v e  Cd which s?ould be  excluded from t h e  count ing.  
With t h i b  r a d i a t i o n  source t h e  furnace  chamber can s i t  o n  an 
S u b s t i t u t i o n  of a Cd log source o f  
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a d d i t i o n a l  r e f r a c t o r y  base,  i n s t e a d  o f  t h e  camera t r a c k .  Higher 
temperatures  should be reached w i t h  o n l y  minor a d d i t i o n a l  modi- 
f i c a t i o n s .  
The restilts i n  s e c t i o n  D below are measurements made w i t h  
t h e  o l d  system. The new system is n o t  expected to give a n  
i n c r e a s e  i n  p r e c i s i o n  of measurement, o n l y  i n  convenience, 
r e l i a b i l i t y  and temperature  range o f  ope ra t ion .  Future  measure- 
ments w i l l  be on d i f f e r e n t  metals, a l l o y s  and p o s s i b l y  sa l t s .  
C. P repa ra t ion  of Alloys 
The metals and a l l o y s  used  i n  t h i s  i n v e s t i g a t i o n  must be 
uniform i n  composition, have a n i c r o s t r u c t u r e  t h a t  is  f i n e  and 
randomly o r i e n t e d  on t h e  scale of t h e  x-ray beam wid th  (about  
3mm), and be devoid of p o r o s i t y .  Therefore ,  t h e  melt must be 
thoroughly stirred and f rozen  moderately r a p i d l y  under s u f f i -  
c i e n t  p re s su re  to prevent  po res  from forming. S a t i s f a c t i o n  o f  
t h e s e  cond i t ions  is  v e r i f i e d  by o p t i c a l  microscopy and scanning 
electron microscopy w i t h  x-ray f luorescence  a n a l y s i s .  The 
a l l o y s  are shaped to  f i t  p r e c i s e l y  i n t o  a c a v i t y  i n  t h e  absorp- 
t i a n  c e l l  so t h a t  t h e  pa th  l eng t '  i s  def ined .  The space above 
t h e  c a v i t y  is open t o  r ece ive  expanding a l l o y  as  t h e  cel l  is 
heated.  
Now t h a t  t h e  abso rp t ion  cel l  and x-ray sources  have beer 
tested, sample p repa ra t ion  is  t h e  l i m i t i n g  s t e p  f o r  t h i s  
measurement. Avoidance of p o r o s i t y  i s  d i f f i c u l t ,  e s p e c i a l l y  
i n  those  samples t h a t  con ta in  v o l a t i l e  e l e m e n t s  such as Zn and 
Mg. It is l i k e l y  t h a t  c r u c i b l e s  of :nore s o p h i s t i c a t e d  des ign  
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than  those used h e r e t o f o r e  w i l l  be necessary  to  m e l t ,  homogenize 
and f r e e z e  some of  t h e  a l l o y s  t h a t  remain to be measured. 
D. Resul ts  and Conclusions 
T a b l e  2 summarizes t he  thermal  c o e f f i c i e n t s  o f  expansion 
for A 1  and its e u t e c t i c s  w i t h  17.5 at .  p c t .  Cu and w i t h  12 a t ,  
p c t .  S i  and the volume changes when t h e  solids m e l t .  
p rev ious  measurements t h a t  have been publ i shed  are i n  good agree- 
ment w i t h  t h e s e  new r e s u l t s .  The older thermal  expansion 
c o e f f i c i e n t s  appear  t o  have been measured c a r e f u l l y  by d i l a t o m e t r y  
f o r  solids and pycnometry or e q u i v a l e n t  methods for l i q u i d s .  
They should be cons idered  more reliable than  t h e s e  new va lues  
u n t i l  some l o w  temperature i r r e g u l a r i t i e s  are i d e n t i f i e d  and 
e l imina ted ,  However ,  t h e  isothermal velum-, changes that occur 
dur ing  mel t ing  should be g iven  most p r e c i s e l y  by t h i s  new method. 
Those 
The expansion of A 1  du r ing  mel t ing ,  a volurne increase o f  
7.2 pct., is somewhat h ighe r  t han  t h a t  for most close-packed 
metals, Measurements on commercially pure aluminum and on very 
h igh  p u r i t y  aluminum show no d i f f e r e n c e s  t ha t  can be  a t t r i b u t e d  
t o  trace i m p u r i t i e s .  The presence of intermetall ic phases o f  
more open c r y s t a l  s t r u c t u r e  i n  t h e  e u t e c t i c  mixtures  probably 
i s  r e s p o n s i b l e  for the lower volume change found i n  those  cases. 
These volume changes, 4.8 and 5.1 p c t .  f o r  t h e  s i l i c o n  and 
copper a l l o y s ,  r e s p e c t i v e l y ,  and 7.2 p c t .  f o r  A l ,  are much 
smaller than those  for c h l o r i d e  s a l t  eutectics, which a r e  
r epor t ed  t o  exceed 20 p c t .  i n  some i n s t a n c e s .  
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Densi ty  i n  kg/rn3 
* 
Tabulated § Measured 
Table 2 
a. Density Changes During Melting for A 1  and Two Al-Eutectic Al loys  
hV/V f 
S 
Measured * 1 Tabulated* TOC 
2690 2699 (6)  
2558 2555 (5) 
2377 2368-2410 (6)  
2343 2338 (6)  
660 (1) 
760 (1) 
1 0.0769(8) 
0.072 ' O.O75C(9) 
\ 0.069 (7) 
548(1) 
748 (1) 
3424 
3258 
3186 
20 (SI 
579 (s) 
579 (1) 
779 (1) 
0.051 01050 (7)  
3290 
3200 
2626 
2553 
2445 
2382 
2639 (7)  
0 -048 0.040 (7)  
b. Linear (Solid) and Volumetric (Liquid)  Expansion C o e f f i c i e n t s  
2.50 x 10 (6)  
range: 20-660°C 
Linear  Expansion Coeff. V o l u m e t r i c  Expansion Coeff .  
Tabu1 a ted* I 1 I 5 Tabulated* Measured 5 Measured 
Pure A 1  
range: 660-760OC 
2.77 2.95 x l O ~ ~ ( l 0 )  0.9 
I 
A 1  - 12 a/o Si 
1.1 1 0 - ~ ( 6 )  
1 . 7  none 1.3 loe5 
I 
A 1  - 17.5 a/o Cu 
none 
range: 2C-579OC 
* Numbers i n  parentheses  are r e f e r e n c e s  
A t  t he  t ransformat ion  temperature  
5 By Andrew Harr ison and S i l v i a  Balar t  
range: 579-679OC 
1 .5  none I 
range: 20-548°C 
1.1 none 
range: 548-748OC 
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IXX. Containment of Materials for Heat Storage and Exchange 
Long-term containment of l i q u i d s  between 700 and 1300 K 
is  a problem worthy of c a r e f u l  c o n s i d e r a t i o n ,  
subs tance  and t h e  c o n t a i n e r  e i t h e r  must n o t  react or they  must 
react to  form a slow growing 301’9 product  that is p r o t e c t i v e  
to t h e  c o n t a i n e r ,  Experiences w i t h  c o o l a n t  systems t h a t  use  
l i q u i d  metal or  s a l t  c o o l a n t s  and metal containment have shown 
that l o w  level con taminan t s ,  such as oxygen dissolved i n  the 
c o o l a n t , o f t e n  have a large effect on d i s s o l u t i o n  rates (11) , 
I n  the case of molten salts ,  3issolved water o f t e n  p l a y s  a 
similar a c c e l e r a t i n g  role. These exper iences  have been 
ob ta ined  mainly i n  heat t r a n s f e r  loops  where l a r g e  temperature  
d i f f e r e n c e s  are p resen t .  E u t e c t i c  storage should be operated 
close to  the t r ans fo rma t ion  temi>erature so that d i f f e r e n t i a l  
solubilities l ead ing  to a dissolution-transpcrt-deposition 
c y c l e  should n o t  c o n t r i b u t e  on  ’,he storage Lccde of t h e  system. 
But some o t h e r  f l u i d  must be employed as  a heat t r a n s f e r  agen t ,  
subject to  the  k inds  o f  d i f f i c u l t i e s  mentioned above. 
The working 
For the t i m e  be ing  only  compa t ib i l i t ;  of t h e  heat s t o r a g e  
material w i t h  i ts  c o n t a i n e r  is considered. Phasc change s t o r a g e  
by a e u t e c t i c  involves  a l i q u i d - s o l i d  vol?im change which can  
l e a d  to  periodic loss  i n  c o n t a c t  betwee,. t h e  storage medium and 
the  c o n t a i n e r  w a l l  over p a r t  of it.s trea and, a t  other times, 
t h e  development of stress i n  the  c o n l a i n e r  w a l l s  owing to local 
expansion i n  t h e  starage medism. Problems OL t h i s  sor t  probably 
can be solved by c a r e f u l  d e s i g n  of t h z  h e a t  exchanger,  so they 
a r e  n o t  to be cons idered  a t  t h i s  s t a g e ,  a l though it i s  hoped 
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that alloys with small volume change on transformation will 
simplify these problems. 
In any case the advantages of relatively inexpensive alloys 
will be lost if containment cannot be achieved with materials 
that are intrinsically cheap and easy to fabricate to meet system 
requirements. A further restrictio-7 is imposed by the fact that 
one of the main advantages of alloys with respect to salts is 
the much better heat'conductivity of the former. The use of 
poorly conducting heat exchanger tubes would dissipate this 
advantage. 
The elements used in this study oxidize readily when oxygen 
is available. They should scavenge any oxygen that enters the 
containment system and keep the effective oxygen pressure very 
low. Although small composition changes in the heat storage 
medium are not likely to have much direct effect on the storage 
operation, the oxides that form might accumulate at heat transfer 
surfaces and interfere with heat conduction. For that reason 
the containment system should be constructed in a manner that 
prevents access of oxygen, including tight closure ani! the use 
of an inert gas cover under positive pressure if necessary. 
tAny satisfactory material for use in this temperature range 
must retain a fairly high level of strength, preferably with 
some ductility so that large wall thicknesses are not required. 
If the material is also resistant to attack by traces of oxygen, 
water vapor and other common contaminants that might enter the 
system, the initial assembly and later maintenance would be 
facilitated. For the heat storage alloys that performed best 
in o u r  calorimetric measurements, three types of materials are 
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being considered. 
listed here. 
The obvious advantages and disadvantages 
1. Graphite 
All of the alloys in this program have been handled in 
graphite with no apparent problems, except for those alloys 
are 
that contain Cam 
yields acetylene when it comes in contact with water. The 
smell of acetylene is detected when a system is opened after 
a Ca-containing alloy has been melted in graphite. 
alloys do not contain Ca. 
Ca reacts with graphite to form CaC2 which 
Most of the 
Graphite has moderate room temperature strength, but its 
strength is retained at high temperatures, whereas most other 
materials tend to soften. Although it is not ductile in the 
conventional sense, it is resistant to brittle fracture. It 
cannot be fabricated by conventional welding techniques (12), 
but is readily shaped by machining so that it can be stacked in 
many geometrical patterns. Also it can be coated on many sub- 
strates by chemical vapor deposition (pyrolytic graphite). 
Broad experience exists in the nuclear power industry with 
graphite as a moderator. It is particularly well adapted to 
heat transfer with an inert gas such as helium as the transfer 
medium. 
2. Silicon Carbide 
Sic has been used mainly as an abrasive cutting material 
because it has hardness approaching that of diamond. 
strength is retained to very high temperatures, but it is 
brittle at low temperatures. 
Its high 
The material also has been used 
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for decades as high temperature resistance elements ('Globars') 
that can be used in air up to about 140OOC for long periods. 
Frequent heating and cooling does not damage the rods seriously, 
but prolonged heating in air at somewhat lower temperatures is 
not recommended because the oxide that forms there is not as 
protective as it is at higher temperatures. 
Sic has been investigated as a high temperature semiconductor, 
because the band gap in the electronic energy level spectrum is 
wider than in Si. Its other application in electronics is as a 
resistor with negative temperature coefficient to limit the initial 
current when a television set is switched on. 
Sic is fabricated by hot sressing. Two different, but 
closely related, crystal modifications are produced commercially 
which transfoi-m at high temperatures. Lower temperature poly- 
types have long-range stacking sequences of alternating cubic and 
hexagonal packing reflecting the thermal history of the material. 
These changes occur well above the range of concern in this heat 
storage program and should have no significant consequences. 
Sic cannot be fabricated by conventional welding, and it is 
shaped by grinding only L' Ang diamond as the abrasive. However, 
large heat exchange tubes in hdrpin form have been fabricated 
and tested in solar receiver prototyFes ( 2 1 ,  so this material 
must be included in the eligi: le list for high temperature storage. 
Sic may be the main receiver surface %hmugh which heat enters the 
system after the sun's direct rays are diffused by a fibrous 
alumina mat. Chemical vapor deposition of Sic has been achieved 
by the pyrolysis of methyl trichlorsilane. The properties of this 
pyrolytic coating on graphite-coated nuclear fuel particles have 
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been investigated (13). Both oxidation resistance and mechanical 
durability appear to be satisfactory for the heat storage 
application. 
Sic has a high heat of formation. It is unlikely to be 
attacked below 1000°C by any of the ingredients in the heat 
storage list, including Ca. For the reasons cited, this material 
is being studied as the most promising candidate for containing 
the eutectic alloys, in spite of the difficulty in shaping samples. 
Its brittleness will limit design options, but its great strength 
should help prevent failures. 
3. Surface-Coated Iron Alloys 
Iron is the cheapest and most plentiful metal, possessed of 
excellent ductility, capable of being strengthened in various ways 
for use to moderately high temperatures. Unfortunately, it dissolves 
in or reacts with nearly all of the elements in this heat storage 
program to at least some extent. Iron-base alloys can be fabricated 
by welding. This technology for their production and fabrication 
is widely available. 
In order to overcome the tendency of iron to react with the 
heat storage alloys and oxygen, heavy alloyed iron can be treated 
on its surfaces in the hope that a surface layer can be formed 
that is slow-growing and protective in contact with the eutectic 
liquids. One of the procedures under consideration is the 
development of a Sic coating on a Si-rich steel by reactive 
chemical deposition from the gas phase analogous to the procedure 
used to coat nuclear fuel particles (13). 
still open, it appears lets likely to succeed quickly than the 
use of bulk Sic, which will be pursued first. 
Although this path is 
22 
IV. System Considerations for the Use of Alloy Eutectic Storage 
Alloy eutectic storage is likely to be used only above 670V. 
The high thermal conductivities of alloys relative to those for 
salts favor application for high heat flux densities and to short 
term and intermediate term storage. 
alloys with graphite, and presumably with silicon carbide, should 
make them readily adaptable tc graphite-moderated nuclear reactors 
and to solar receivers that use silicon carbide surfaces to 
withstand the high temperatures generated by focussing solar 
reflectors. The isothermal nature of the eutectic transformation 
and the high energy storage density suggest industrial furnace 
control applications. Sketches are given here to illustrate two 
simple examples. 
Also the compatibility of 
A small-scale solar receiver to be mounted at the focus of a 
parabolic dish is shown in Fig. la. Sodium heat pipes serve to 
remove heat rapidly from the irradiated receiver surface and 
transfer it to a salt storage system. With a large condenser 
area per unit volume of salt the low thermal conductivity of the 
salt can be matched to the high heat flux at the receiver surface. 
An alternative system which appears to be much simpler uses alloy 
eutectic storage to cool the receiver surface directly, as shown 
in Fig. lb. 
through heat exchanger tubes passing through the storage chamber. 
Fig. la resembles the system being developed by the Jet Propulsion 
Laboratory, California Institute of Technology. Fig. lb is similar 
to the scheme in use by a commercial Omnium-G lOKWe solar receiver- 
generator system (3). With a small shift in operating temperature 
Both systems heat the working fluid for the generator 
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of the latter system, the A1-0.12Si-0.051Mg alloys developed in 
this program can increase the energy storage density and extend 
the operating period. Material changes would also be incorporated 
to increase the life of the container. A second PCM transforming 
at a lower temperature could be used in a preheater-precooler 
chamber if the working fluid is to be used at a lower temperature 
than the transformation temperature of the primary storage medium. 
Figure 2 illustrates a furnace that might be used for 
homogenizing aluminum alloys prior to age hardening or austenitizing 
steels in preparation for quench hardening. The operating temper- 
ature, hence the storage material, would differ for these cases, 
but the operating principle is the same. Energy could be supplied 
from an external source during off-peak hours by electrical resis- 
tance heating or by burning gas. 
liquid stores heat but does not increase temperature. Input is 
cut off when the PCM is nearly melted. The temperature is main- 
tained by reverse transformation during peak load periods on the 
central energy supply system without demand on that external 
source. A simple device needs to be developed, probably based 
on electrical resistivity or volume change as the indicator 
property, to signal the approaching end of the melting and 
freezing cycles. Alternatively temperature rise or fall after 
complete melting or freezing might be used. The only other 
procedure for regulating on and of f  periods would seem to be 
continuous energy monitoring. 
Conversion of eutectic solid to 
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Figure l a .  Solar r e c e i v e r  surface cooled by sodium heat pipe 
transmitt ing heat  to  s a l t  storage (JPL c o n c e p t ) .  
Direct coo l ing  of rece iver  surface by storage a l l o y  
(Omnium-C Delaware c o n c e p t ) .  
lb. 
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Figure 2. Small industrial furnace with PCM heat storage and 
temperature regulation. 
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